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Supplementary Methods 

Patients and clinical samples 

Patients were referred to the Hereditary Gastrointestinal Cancer Genetic Diagnosis 

Laboratory, Queen Mary Hospital, The University of Hong Kong for genetic diagnosis with 

informed consent. Six individuals from four families satisfying the 2010 WHO criteria of 

Serrated Polyposis Syndrome were included, with their clinico-pathological information 

summarized in online supplementary table S1. Mutation or deletion in APC and MUTYH 

genes were excluded by Sanger/Exome sequencing and MLPA analysis. Three index patients 

were available in one family, whereas only one index patient was available in the other three 

families. Genomic DNA was extracted from blood and submitted for whole-exome 

sequencing. Frozen or paraffin embedded archival tissue from a series of 14 sporadic HPs, 47 

SSAs or TSAs, and 29 conventional adenomas were included for RNF43 whole gene 

sequencing, with histological diagnosis reviewed and confirmed by two independent 

pathologists (SYL and SLH). Frozen archival tissue from 47 CRCs with MSI, spanning both 

MLH1
me+ 

and MLH1
me- 

groups, was used for RNF43 whole-gene sequencing. The results of 

MSI, MMR protein expression, MMR gene mutation or methylation, BRAF and KRAS 

mutation status were previously published in some of these patients.
1-4

 A separate cohort of 

64 MSI CRCs from patients with known germline MMR gene mutation, where only archival 

paraffin DNA was available, was also included for RNF43 and β-catenin hotspot mutational 

analysis. Organoid culture was established from patient’s colorectal polyp and normal rectal 

tissue from biopsy or colectomy specimen with informed consent using a protocol previously 

described.
5
 The study was approved by the Institutional Review Board of The University of 

Hong Kong/Hospital Authority Hong Kong West Cluster. The IRB has waived the 

requirement for informed consent for study of archival specimen and their use in an 

anonymous nature.  
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Whole exome sequencing and data processing 

DNA was subjected to whole-exome sequencing using capture kits to achieve mean on-target 

coverage of at least 50X (online supplementary table S2).  Library preparation was performed 

using a standard protocol and sequencing was performed using Illumina HiSeq2000 or 

HiSeq1500 on paired-end 100bp reads.  

 

CASAVA (version 1.8) was used to call bases according to the standard protocol of the 

manufacturer. Sequence reads were aligned to human genome build 37 (hg19) using BWA
6
 

and duplicated reads were removed from the BAM files using Picard. These BAM files were 

recalibrated using Genome Analysis Toolkits
7-9

 with default parameters, and SNPs and 

INDELs were called using the GATK HaplotypeCaller,
7-9

 with minimum base quality score 

of 20 and minimum mapping quality score of 30. SNP and INDEL variants were recalibrated 

using GATK VariantRecalibrator and ApplyRecalibration. GATK VariantFiltration was used 

to apply filtering criteria to the remaining variants. The generated VCF files were annotated 

using ANNOVAR (version Aug 2013)
10

 to predict the functional consequences of the 

discovered variants, as well as for obtaining allele frequencies from dbSNP, 1000 Genome 

project and the Exome Variant Server.
11 12

 

 

Variants were further filtered based on the following stringent criteria for maximal biological 

significance. 

1. Observed in <0.5% of ESP6500si,
11 12

 1000genome (version 2010 Nov, 2012 Feb, 

2012 Apr)
13

 and dbSNP137 (validated source);
14 15

 absent in the Chinese ethnic group 

cohorts from the 1000genome project - Chinese Han Southern (CHS) and Chinese 

Han Beijing (CHB)
13

 and present in < 2 cases in the Asian (ASN) cohorts of 1000 
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genome project;
13

 observed in <50% of a local database derived from 100 sporadic 

gastric cancer patients.
16

 

2. Allelic fraction (alternative depth/read depth) was >= 0.3 and alternate depth was >=4; 

the GATK filtering result was either ‘PASS’ or obtained at least 99% percentile from 

the variant quality score recalibration (VQSR); INDEL variants, if located in 

mononucleotide track repeats, had to be less than 9bp repeat length. 

3. Mutations must be predicted to result in protein-alteration by frameshift, nonsense, 

missense, inframe indel, splicing or exonic-splicing variants, involving the canonical 

transcripts according to the the Ensembl gene definitions.
17 18

 

4. Truncation variants that resulted in frameshift or nonsense mutations have to cause a 

deletion of either i) >= 50 amino acid residues or ii) >= 90% of the protein length. 

5. Splicing or exonic splicing variants are those resulting in changes of the sequence of 

+/- 2bp in the intron/exon boundary, and cannot be regenerated by the flanking 

repeated sequences. Moreover, either the ada or rf score (version 1.0) from the 

dbscSNV database
19

 of the splice variants have to be >= 0.6. 

6. Inframe indels have to obtain a PROVEAN score of -2.5 or less.
20

 

7. Missense variants need to obtain a predicted deleterious status in 4 out of 6 different 

bioinformatics programs (SIFT,
21

 PolyPhen2,
22

 Mutation Taster,
23

 LRT,
24

 Gerp 

plus,
25

 PhyLop
26

 and receive a deleterious status from the MetaSVM or MetaLR 

prediction of the NFSP database (version 2.8).
27-29

 

8. Manual review of all putative germline variants by Integrative graphic view (IGV) 

(version 2.3.40)
30 31

 to eliminate false positive results. 

 

These variants were then examined with regard to their putative biological significance 

through interrogation of various databases, including Ensembl,
17 18

 OMIM,
32

 GO terms,
33
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KEGG,
34 35

 Reactome,
36 37

 PFAM,
38

 SCOP,
39

 NSFP,
28 29

 and COSMIC 

(cancer.sanger.ac.uk).
40

 Genetic disorder information was compiled from the OMIM, NCBI 

genetic testing registry
41

 and NIH Genetics Home Reference – Cancer. 

 

A total of 274 germline variants were identified from 6 individuals in 4 families, none were 

known colon cancer predisposition genes (Supplementary Table 11). We first looked for loss-

of-function (LoF) mutations (predicted to cause protein truncation, splicing or exonic splicing) 

that were common across the three members with serrated polyposis phenotype in family A. 

Overall, 95 germline variants were predicted to produce a truncated protein or aberrant 

splicing, of which only two genes were commonly mutated across all three individuals 

(Supplementary Table 3), RNF43 and PECR, in heterozygous status. PECR is a peroxisomal 

2-enoyl-CoA reductase involved in elongation of fatty acids with no known relevance to the 

cancer process, leaving RNF43 as the most likely candidate. 

 

Of the remaining 3 families, there was no gene with recurrent LoF mutation noted. None of 

the LoF mutations involved known colorectal cancer predisposition genes. Each individual 

was noted to carry a small number of truncating/splicing variants, some were known to be 

associated with other inherited diseases (mostly autosomal recessive and not relevant to 

cancer, which were filtered out in the results), whereas several had putative functions highly 

relevant to the cancer process. 

 

RNF43 mutational analysis in family A 

The germline RNF43 splice site mutation from family A was validated by Sanger DNA and 

cDNA sequencing, and mutational status for the rest of the family members defined. Serrated 

polyps (n=16), adenomas (n=5) and cancer (n=1), with adequate tissue available for analysis, 
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were microdissected from paraffin sections and/or frozen tissue if available for DNA and 

RNA extraction for LOH analysis. For lesions without LOH, whole-gene sequencing was 

performed to examine for second somatic mutation. 

 

Somatic mutational analysis for RNF43, BRAF, KRAS and CTNNB1 mutation hotspot 

by Sanger sequencing 

Somatic mutational analysis was performed through exon-by-exon PCR-sequencing spanning 

whole genes or hotspots
42 43

 using either frozen or paraffin DNA (see online supplementary 

methods). The coding exons (exon 2 to 10) of RNF43 were amplified by two independent 

PCR reactions per amplicon and sequenced in the forward and reverse directions. Separate 

sets of primers were used for frozen and paraffin DNA with different amplicon lengths.  

Mutations detected in tumours were then confirmed to be absent in sequencing of paired 

normal colonic or other somatic tissue. Complete gene sequencing was performed for 47 MSI 

CRCs, 61 sporadic serrated polyps and 29 conventional adenomas.  For an independent series 

of 64 MSI CRCs from germline MMR gene mutation carriers with paraffin tissue, only exon 

3 and exon 9 containing the hotspot mononucleotide repeats (c.346 C6 and c.1976 G7 tracts) 

were assessed. Only truncating mutations were subsequently used for statistical analysis for 

CRCs as it is difficult to ascertain the biological significance of missense mutations. 

 

Sequencing of BRAF V600E hotspot, KRAS exon 2 hotspots (codon 12/13),
42

 as well as 

CTNNB1 exon 3 hotspots (missense and inframe indel at codon 29-45)
43

 were performed as 

previously described. 

 

Examination for complete inactivation (LOH) of RNF43 in sporadic serrated adenomas 

and MSI CRCs by cDNA sequencing. 
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Serrated adenomas and MSI CRCs with RNF43 somatic mutation were subject to cDNA 

sequencing of the mutated region to detect loss of the wild-type allele. 

 

MLH1 promoter methylation by pyrosequencing,  

Methylation status of the MLH1 promoter in the 47 MSI CRCs was assessed by 

pyrosequencing of bisulfite-converted DNA using methods as previously described.
44

   

We designed methylation un-biased primers to amplify the MLH1 promoter and used 

pyrosequencing to assess 5 CpG sites spanning positions -244, -250, -252, -262 and -269 

relative to the translation start site (+1) (position -252 correspond to the CpG site assessed by 

probe cg23658326 in the Illumina Infinium Human Methylation 450 BeadChip array) (see 

online supplementary figure 5). Methylation in this region has been previously shown to 

correlate best with transcriptional silencing of MLH1 and MSI status. A mean methylation 

level less than 10% was considered methylation negative, whereas a level above 10% was 

considered methylation positive. 

 

Immunostaining for MLH1 protein expression and MSI analysis 

Immunostaining for MLH1 protein expression was performed in the sporadic serrated 

adenomas, serrated polyps, adenomas and cancer from family A as previously described.
44

 

MSI analysis in serrated polyps was performed using 6 mononucleotide repeat markers 

including BAT25, BAT26, BAT40, SLC7A8, TMPPB5 and ZNF2. Samples with MSI in 

40% or more loci were considered MSI-H. All samples examined were found to be 

microsatellite stable. 

 

Assessment of CpG island methylator phenotype (CIMP) in serrated polyps and MSI 

CRCs 
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DNA from MSI CRCs, sporadic serrated polyps and lesions from germline RNF43 gene 

carriers were assessed for CIMP using 5 markers (MLH1, P16, MINT1, MINT2, MINT31) 

by methylation-specific PCR, as per our previous study
4
 (see ref 

45
 for a complete list of 

primer sequences, online supplementary figure 4 for representative MSP gel images). 

Samples with methylation in 3 or more markers were considered CIMP positive, 

corresponding to a high level of CIMP. CIMP analysis failed in one sporadic SSA due to 

failed amplification in multiple loci. The DNA was adequate for CIMP analysis in 17 out of 

22 lesions in Family A. Sporadic serrated polyps with a positive methylation band detected in 

the MLH1gene were further examined using two additional MSP primers (MLH1 BM3 and 

MLH1 BM4) located downstream within the specific region to look for concordant 

methylation in relation to focal MLH1 protein loss (online supplementary figure 5).      

 

Assessment of RSPO fusions in sporadic serrated polyps, conventional adenomas and 

MSI CRCs 

RT-PCR using primers specific for PTPRK_exon1_RSPO3, PTPRK_exon7_RSPO3 and 

EIF3E1_RSPO2 were used as described
46

 to amplify cDNA extracted from the 61 sporadic 

serrated polyps, 29 conventional adenomas and 47 MSI CRCs. Fusion bands was confirmed 

by Sanger sequencing. RNA integrity was controlled by amplification with GAPDH (120bp 

amplicon). RNA was degraded and thus failed analysis in 7 sporadic serrated polyps and 4 

MSI CRCs. 

 

Histological classification of serrated polyps 

Serrated polyps were classified into hyperplastic polyp, sessile serrated adenoma and 

traditional serrated adenoma based on the WHO classification
47

. We observed frequent 

transitional morphology between the last two categories, and only classified a sample as 
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traditional serrated adenoma if the lesion displays predominant complex viliform growth 

pattern with exuberant ectopic crypt formation, the latter has been considered more specific 

features of TSA. 

 

Somatic Variant Calling of TCGA dataset 

Somatic mutational analysis was performed on 448 cases of TCGA CRCs using the BAM 

files downloaded from the TCGA CGHUB data portal (https://tcga-data.nci.nih.gov/tcga/).
48

 

After variant callings using GATK MuTect
49

 and SomaticIndelDetector
7-9

 for SNPs and 

INDELs, respectively, mutation status of the 6 key CRC driver genes were extracted. 

 

Detailed data processing of Somatic Variant Calling of TCGA dataset 

A total of 457 TCGA colorectal tumours and paired normal BAM files were downloaded 

through the TCGA CGHUB data portal (https://tcga-data.nci.nih.gov/tcga/).
48

  Nine cases 

were subsequently excluded due to low coverage of target genes, resulting in 448 cases in the 

current study that can achieve a coverage of >=10X in >=80% coding region of the 6 key 

colorectal cancer driver genes. All downloaded TCGA BAM files that were previously 

aligned to human genome build 36 (hg18) reference assembly sequence were realigned to 

build 37 (hg19). Somatic variant callings were performed using GATK MuTect
49

 and 

SomaticIndelDetector
7-9

 for SNPs and INDELs, respectively. 

 

Somatic SNPs identified from MuTect were further filtered based on the following stringent 

criteria: 

1. The mapping quality must be >=30 

2. The base quality must be >=20 

3. The tumor and normal coverage must be >=10 

https://tcga-data.nci.nih.gov/tcga/
https://tcga-data.nci.nih.gov/tcga/
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4. The alternate allelic fraction in tumor must be >0.08 

5. The alternate allele depth in tumor must be >=4 

6. The alternate allelic fraction in normal must be <=0.04 

7. The alternate allelic depth in normal must be <=2 

8. The ratio of alternate allelic fraction in tumor versus normal must be >=2.5 

 

Somatic Indels identified from SomaticIndelDetector were further filtered based on the 

following stringent criteria: 

1. The mapping quality must be >=25 

2. The tumor and normal coverage must be >=10 

3. The Indel allelic fraction in tumor must be >0.08 

4. The Indel allele depth in tumor must be >=4 

5. The Indel consensus fraction in tumor must be >=0.3 

6. The indel allelic fraction in normal must be =0 

 

Since SomaticIndelDetector will filter out somatic mutations because they are present in a 

small number of normal samples, a situation that could arise due to artefacts generated in 

mononucleotide tracts, Indel variants that did not pass the criteria in SomaticIndelDetector 

were “rescued” if they passed the following stringent criteria: 

1. The mapping quality must be >45 

2. The tumor and normal coverage must be >=10 

3. The Indel allelic fraction in tumor must be >=0.15 

4. The Indel allele depth in tumor must be >=8 

5. The indel allelic fraction in normal must be <0.1 

6. The ratio of Indel allelic fraction in tumor versus normal must be >=4 
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Finally in order to further eliminate false-positive somatic calls, somatic variants were 

filtered out if the same mutation (alternate allelic fraction >=0.05, alternate allele depth >=3) 

appeared in >=1% or >=5% of the normal samples in the whole discovery cohort for SNPs 

and Indels, respectively. 

 

All somatic SNP and INDEL variants were annotated using ANNOVAR and variants with 

allele frequencies > 0.01 in 1000 genome project
13

 (2012 Apr), dbSNP137
14 15

 or 

ESP6500si
11 12

 were discarded. Protein altering somatic mutations involving key colorectal 

cancer driver genes APC, RNF43, CTNNB1, BRAF, KRAS and TP53 were reviewed and 

validated by manual examination using the Integrative Graphic View (IGV),
30 31

 which led to 

exclusion of a further 4% of mutations that were considered false-positives (see 

Supplementary Table 12 for the final complete list of mutations). 

 

R-spondin fusion transcript detection in TCGA dataset 

RNAseq raw data (paired-end and singled-end FASTQ files) was available for 439 CRC 

samples from the TCGA. These files were downloaded and subjected to Fusion Map
50

 for 

fusion transcripts detection using default parameters. Paired-end FASTQ files were further 

subjected to SOAPfuse
51

 for additional fusion transcript detection. We detected the presence 

of R-spondin fusion transcripts involving PTPRK-RSPO3 in 7 cases, all of which overlapped 

with those previously described 
52

. 

 

MLH1 promoter methylation analysis in TCGA dataset 

Illumina Infinium Human Methylation 450 and 27 BeadChip Array data was downloaded 

from the TCGA data portal. For 450K array, beta value of 28 probes spanning cg07101782 to 
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cg13846866, located at chr 3: 37034495-37035399, involving the promoter of MLH1 to exon 

1 were used for assessment. This region was chosen because it shows a consistently low level 

of methylation in normal tissue and concordant methylation in this region is associated with 

transcriptional silencing of MLH1 and MSI status. Aberrant methylation was defined as 

concordant methylation (beta value >0.2) involving more than 50% of probes; with less than 

2 probes with beta-value <0.1 (see online supplementary figure 5B). For 27K array, only 

probes cg00893636 and cg13846866 resides in the above specific methylation region (at chr3: 

37034840-37035399), and methylation was defined by both probes with beta value >0.2. 

 

Assessment of CpG island methylator phenotype (CIMP) in TCGA dataset 

For the TCGA dataset, we assessed the global hypermethylation load by counting the number 

of hypermethylated loci for an individual tumour based on our previously published 

method.
16

 We limited the analysis to autosomal chromosomes and probes with beta-values 

<0.2 in at least 92% of normal samples for both the 27K (39/42) and 450K (42/45) platforms 

(i.e. probes unmethylated in the majority of normal samples). We counted the number of 

probes with beta-values ≥0.2 as the hypermethylation count for each individual tumour. To 

combine data generated from the 27K (159 samples) and 450K (288 samples) methylation 

arrays, we standardised each cohort by calculating the z-score for each sample. Samples with 

z-score >1 (methylation count with 1 standard deviation above the mean of the respective 

cohort) were considered CIMP+ (i.e. CIMP-H). The results were 97% concordant with 

previous classification by TCGA in a subset of 159 overlapping cases.
48

 

 

Establishment of organoid culture, creation of ZNRF3-/RNF43- organoids and cell 

viability assay 
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Organoid cultures were established from the SSA of patient A:II-3 (RNF43-/-) and 

corresponding normal rectal mucosa (RNF43 +/-), and normal control rectal mucosa from a 

47-year-old rectal cancer patient. The organoids were cultured in 3D matrigel using colon 

organoid conditioned medium containing Wnt, Efg, Noggin and R-spondin (WENR), as 

previously described.
5
 They were subjected to cell viability assay in response to RSPO or 

Wnt withdrawal. Organoids were dissociated into single cells by TrypLE (Life Technologies), 

3000 cells were counted and embedded into 25µl matrigel in triplicate. Cells were cultured 

with human colon organoid medium with or without Wnt or RSPO. Cell viability of mutants 

and control organoids was measured by CellTiter-Glo assay (Promega) at different timepoints 

and was presented as % surviving fraction relative to complete medium. 

 

Normal colon mucosa from a C57/B6 mouse was cultured in 3D matrigel using the organoid 

culture protocol. Gene-specific sgRNA oligos were cloned into pLentiCRISPRv2 vector 

(Addgene), Znrf3 sg targeted c.927 (p. T309) (Ensembl gene ID EMSMUST00000109867), 

Rnf43 sg1 targeted c.338 (p. R113) and Rnf43 sg2 targeted c.1973 (p. R658) (Ensembl gene 

ID ENSMUST00000092800) (Supplementary Table 9), close to the two hotspot frameshift 

mutations in human MSI colon cancer. Mouse colon organoids were transduced with 

lentivirus expressing sgRNA-Cas9 using lentiviral transduction method as previously 

described.
53

 Cells were embedded in Matrigel, selected for 10 to 14 days under R-spondin1 

free medium (WEN) with 1ug/ml puromycin. Surviving individual clones were picked and 

expanded in completed organoid culture medium (WENR) with puromycin. Mutations of 

Rnf43 and Znrf3 were checked by PCR and Sanger sequencing of the corresponding target 

regions. Experiment was performed in two independent mice with similar results. In total, we 

confirmed the presence of double inactivation of Rnf43 and Znrf3 in 12 out of 15 clones 

targeting the Rnf43_sg1 region and 15 out of 26 clones targeting the Rnf43_sg2 region. Four 
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clones from each region (Rnf43 sg1 region/Znrf3 (RZ DKO1) or Rnf43 sg2 region/Znrf3 (RZ 

DKO2) were assayed for long term R-spondin1 independency compared with Cas9 control. 

Organoids were dissociated into single cells by TrypLE (Life Technologies), 3000 cells were 

counted and embedded into 25µl matrigel in triplicate. Cells were cultured with mouse colon 

organoid medium with or without R-spondin1 to assess the growth dependency on R-

spondin1. Cell viability of mutants and control organoids was measured by CellTiter-Glo 

assay (Promega) at various time points up to one month and was presented as the ratio of 

without versus with R-spondin1. 

 

To check for potential off-target regions introduced by sgRNA-Cas9 in these eight clones, 

sgRNA sequences of Znrf3sg, Rnf43 sg1 and sg2 were analyzed using COD software 

(http://cas9.wicp.net/) following parameters as previously described.
54

 Most predicted off-

target regions were residing in the intergenic region flanked by highly repetitive sequences. 

Potential off-target sites with off-target scores of 0.15 or higher were confirmed by PCR-

sequencing to be mutation free, except for highly repetitive regions in which PCR 

amplification was not possible (Supplementary Table 10). 

 

Quantitative RT-PCR for Wnt-target gene expression in organoid culture 

RNA extracted from organoid cultures of the SSA of patient A:II-3 (RNF43-/-) and 

corresponding normal rectal mucosa (RNF43 +/-) was subjected to DNase treatment and 

reverse transcribed in cDNA. Quantitative real-time PCR was performed using SYBR green 

(Qiagen) and HT7900 (ABI) with gene specific primers as listed in Supplementary Table 9C. 

Gene expression was calculated by ΔΔCt method using GAPDH as house-keeping gene. 

 

Accession code: Ensembl: human RNF43 mRNA, ENST00000577716. 

http://cas9.wicp.net/
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